Abstract. GIAO-calculated NMR 13 C chemical shifts as obtained at various computational levels are reported for the 1,1,3-trimethyl-3-(4-methylphenyl)butyl hydroperoxide. The data are compared with experimental solution data in chloroform-d, acetonitrile-d 3 , and DMSO-d 6 , focusing on the agreement with spectral patterns and spectral trends. Calculation of magnetic shielding tensors and chemical shifts for 13 C nuclei of the 1,1,3-trimethyl-3-(4-methylphenyl)butyl hydroperoxide molecule in the approximation of an isolated particle and considering the solvent influence in the framework of the continuum polarization model (PCM) was carried out. Comparative analysis of experimental and computer NMR spectroscopy results revealed that the GIAO method with MP2/6-31G(d,p) level of theory and the PCM approach can be used to estimate the NMR 13 C chemical shifts of the 1,1,3-trimethyl-3-(4-methylphenyl)butyl hydroperoxide.
Magnetic shielding tensors for 13 С nuclei of the TMS Note. 1 -6-31G(d,p); 2 -6-311G(d,p); 3 -6-311++G(d,p).
Introduction
Arylalkyl hydroperoxides are useful starting reagents in the synthesis of surface-active peroxide initiators for the preparation of polymeric colloidal systems with improved stability [5] . Thermolysis of arylalkyl hydroperoxides was studied in acetonitrile [11] . NMR 1 Н spectroscopy has been already used successfully for the experimental evidence of the complex formation between a 1,1,3-trimethyl-3-(4-methylphenyl)butyl hydroperoxide and tetraalkylammonium bromides in acetonitrile [2; 9; 12] and chloroform solution [9] . The aim of this work is a comprehensive study of the 1,1,3-trimethyl-3-(4-methylphenyl)butyl hydroperoxide (ROOH) by experimental NMR 13 C spectroscopy and molecular modeling methods.
Experimental
The 1,1,3-trimethyl-3-(4-methylphenyl)butyl hydroperoxide (ROOH) was purified according to [5] . Its purity (99 %) was controlled by iodometry method as well as by NMR spectroscopy. Experimental NMR 13 C spectra of the hydroperoxide solutions were obtained by using the Bruker Avance II 400 spectrometer (NMR 1 Н -400 MHz, NMR 13 C -100 MHz) at 297 K. Solvents, chloroform-d, acetonitrile-d 3 , and DMSO-d 6 , were Sigma-Aldrich reagents and were used without additional purification but were stored above molecular sieves before using. Tetramethylsilane (TMS) was internal standard. The hydroperoxide concentration in solutions was 0.03 mol · dm -3 .
Molecular geometr y and electronic structure parameters, as well as harmonic vibrational frequencies of the 1,1,3-trimethyl-3-(4-methylphenyl)butyl hydroperoxide molecule were calculated after full geometry optimization in the framework of B3LYP/6-31G(d,p) and MP2/ 6-31G(d,p) methods. The resulting equilibrium molecular geometry was used for total electronic energy calculations by the B3LYP/6-31G(d,p) and MP2/6-31G(d,p) methods. All calculations have been carried out using the Gaussian03 [4] program.
The magnetic shielding tensors (c, ppm) for 13 С nuclei of the hydroperoxide and the reference molecule were calculated with the МР2/6-31G(d,p) and B3LYP/6-31G(d,p) equilibrium geometries by standard GIAO (Gauge-Independent Atomic Orbital) approach [13] . The calculated magnetic isotropic shielding tensors,  i , were transformed to chemical shifts relative to TMS molecule,  i , by  values were also estimated in the framework of 6-311G(d,p) and 6-311++G(d,p) basis sets on the base of МР2/6-31G(d,p) and B3LYP/6-31G(d,p) equilibrium geometries. The solvent effect was considered in the РСМ approximation [3; 7] .  values for magnetically equivalent nuclei were averaged.
Inspecting the overall agreement between experimental and theoretical spectra RMS errors () were used to consider the quality of the 13 С nuclei chemical shifts calculations. Correlation coefficients (R) were calculated to estimate the agreement between spectral patterns and trends.
Results and Discussions
Experimental NMR 13 classes. Equations corresponded to the obtained relationships ( Fig. 1) are listed below. 1,1,3-t r i m e t h y l -3 -( 4 -m e t h y l p h e n y l ) b u t y l hydroperoxide NMR 13 С spectra by МР2 and B3LYP methods
The hydroperoxide molecule geometry optimization in the framework of МР2/6-31G(d,p) and B3LYP/6-31G(d,p) methods was carried out as the first step of the hydroperoxide NMR 13 10] modeling. The main parameters of the hydroperoxide fragment molecular geometry obtained in the isolated particle approximation within the framework of MP2/6-31G(d,p) (Fig. 2 ) and B3LYP/6-31G(d,p) levels of theory are presented in Table 2 . Peroxide bond O-O is a reaction centre in this type of chemical initiators. Thus, the main attention was focused on the geometry of -CO-OH fragment. The calculation results were compared with known experimental values for the tert-butyl hydroperoxide [6] , and appropriate agreement between calculated and experimental parameters can be seen in the case of МР2/6-31G(d,p) method.
Calculation of 13 C chemical shifts of the hydroperoxide was carried out by GIAO method in the approximation of an isolated particle as well as in studied solvents within the PCM model, which takes into account the nonspecific solvation. Equilibrium hydroperoxide geometries obtained in the framework of MP2/6-31G(d,p) and B3LYP/ 6-31G(d,p) levels of theory for the isolated particle approximation were used in all cases.
The chemical shift values (, ppm) for 13 C nuclei in the hydroperoxide molecule were evaluated on the base of calculated magnetic shielding constants (, ppm). TMS was used as standard, for which the molecular geometry optimization and  calculation were performed using the same level of theory and basis set. Values of the 13 C chemical shifts were found as the difference of the magnetic shielding tensors of the corresponding TMS and hydroperoxide nuclei (Tables 3 and 4) .
The correct spectr al pattern for the hydroperoxide NMR 13 C spectrum was obtained for all methods and basis sets used within the isolated molecule approximation (see Table 3 ) as well as solvation accounting (see Table 4 ). Exceptions are aromatic C8 and C9 carbons, which signals are interchanged for all calculations.
The best reproduced experimental chemical shift value for the carbon atom of the CO-OH group is observed in the case of MP2/6-31G(d,p) approximation in all used solvents whereas B3LYP with the same basis set gives slightly worse values.
Basis set extension to 6 13 C nuclei (see Fig. 3 ) have been obtained for both methods and all basis sets. The correlation coefficients (R) corresponding to obtained dependences are shown in Table 4 . Joint account of  and R values indicates possibility of MP2 method with 6-31G(d,p) basis set using for the calculation of the hydroperoxide 13 C nuclei chemical shifts. Note. 1 -6-31G(d,p); 2 -6-311G(d,p); 3 -6-311++G(d,p).
Conclusions
A comprehensive study of the 1,1,3-trimethyl-3-(4-methyl-phenyl)butyl hydroperoxide by experimental NMR 13 C spectroscopy and molecular modeling methods was performed. A comparative assessment of the 13 C nuclei chemical shifts calculated by GIAO in various approximations. For NMR 13 C spectra of the hydroperoxide in different solvents MP2 and B3LYP methods approximations with 6-31G(d,p), 6-311G(d,p), and 6-311++G(d,p) basis sets allow to obtain the correct spectral pattern. A linear correlations between the calculated and experimental values of the 13 C chemical shifts for the studied hydroperoxide molecule were obtained for all solvents studied. In all cases, the MP method combined with 6-31G(d,p) basis set allows to get a better agreement between the calculated and experimental data as compared to the B3LYP results.
